Introduction
Mold oscillation was implemented in continuous casting to improve mold lubrication, reducing friction force between the shell and the mold wall. This measure effectively avoids sticking of the shell to the mold wall, but inevitably leads to the formation of marks in an orientation perpendicular to the casting direction. What's even worse is some defects are found associated with oscillation marks, such as inclusions, segregation and surface cracks. [1] [2] [3] [4] Process control and the product quality are determined by the combinations of casting parameters. For instance, the combination of casting speed, oscillation parameters and slag properties can change the thicknesses of liquid and solid slag films, which highly affects the heat transfer and lubrication conditions in the mold. [5] [6] [7] It is commonly believed that the negative strip time is one of the most important indications of oscillation conditions. Negative strip time is defined as the time when the mold is moving downward faster than the shell, which is determined by casting speed and oscillation settings. For sinusoidal oscillation, the negative strip time is given by:
f is the frequency of oscillation, and s is the stroke. The negative strip time is understood to be a critical stage for slag infiltration and shell solidification. The classical bending mechanisms suggested that the shell might be deformed due to a rapid increase in pressure in the mold flux channel during the negative strip period. 9, 10) Badri et al.'s 11, 12) work indicated that a sudden increase in heat flux occurred in the negative strip time caused the irregular shell solidification. A cold model experiment by Kajitani et al. 13, 14) proved that liquid flux infiltrated from the final part of the positive strip time to the latter half of the negative strip time. Shin et al. 15) reported that the estimated oscillation mark consumption was correlated with flux inflow during the negative strip time, while the lubrication consumption was more dependent on positive strip time.
One of the difficulties in studying the periodic fluctuations in behavior in an oscillating mold is the interdependence among different variables. Numerical simulations provide a more fundamental understanding of the evolution phenomena in continuous casting mold under transient conditions. A study by Lopez et al. 16) proposed the triggering mechanisms of infiltration and solidification using a mathematical model. This work addresses successfully many limitations (e.g. the meniscus shape or the behavior of molten slag inside the shell/mold gap) and provides new insights into the vatiations of both heat flux and powder consumption through the oscillation cycle. More recently, a computational model by Jonayat and Thomas 17) was presented to describe the transientheat transfer and multi-phase fluid flow in the meniscus region during an oscillation cycle. Then, the model is applied to conduct a parametric study to predict slag consumption as a function of different casing variables.
In real practice, the evolution and subsequent changes in metal flow, heat transfer and solidification from the initial casting conditions (e.g. steel grade, slab size, mold flux type and pouring temperature) are successive and interactive. There are a few studies where the coupled phenomena occuring in the mold and the relationships between casting parameters and responses have been described, but they do not supply any information on the evolutions of the meniscus and slag films since the casting starts. Therefore, the authors have presented a mathematical model in order to characterize the slag infiltration and initial shell solidification during the casting process from cast-start to steady-state based on industrial operating conditions. The previous article in the present series has predicted the formation of meniscus and slag films and their further continuous changes with increasing casting speed. In the present study fluctuation behaviors in the mold during an oscillation cycle for different casting speeds were described. Then, a mechanism was proposed to clarify the periodic slag infiltration phenomena and oscillation mark formation in continuous casting process.
Model Description
The model developed in this study couples multiphase flow with heat transfer and solidification during mold oscillation by employing the Volume of Fluid (VOF) method and the enthalpy-porosity technique. The steel/slag interface is attained by solving a single set of continuity and momentum equations for a phase mixture. 
where α is the phase fraction, ρ is the density,  v is the velocity vector, p is the pressure,  g is the gravitational force vector,  m is the mass transfer between the phases and the source term and S αsteel is zero. The effective density (ρ mix ) and the effective viscosity (μ mix ) for the mixture phase are given as: Besides,  F σ is the momentum sink due to the interfacial tension between steel and slag, which is calculated through the Continuum Surface Force (CSF) model. where σ slag-steel is the interfacial tension between steel and slag, and κ is the local surface curvature.
Since the enthalpy-porosity technique treats the mushy region as a porous medium, the sink term, S m , is added to the momentum equation in the mushy and solidified zones to account for the presence of solid matter. (7) where β is the liquid volume fraction, A mush is the mushy zone constant,  v pull is the pulling velocity. Additionally, the heat transfer model solves the Fourier equation, whereas the realizable k-ε model is applied to predict turbulent flow in the system. The effect of solidification on turbulence is taken into account by adding a sink term to the turbulent kinetic energy and turbulent energy dissipation rate equations. 18) These coupled behaviors are solved simultaneously on the basis of industrial operating procedure using ANSYS FLUENT 14.0.
The 2-D model domain consists of half SEN, slab mold (width = 1.65 m), and 1 m of slab length after the mold exit. Boundary conditions, casting parameters and material properties used in simulations are presented in Fig. 1 and Table 1 , respectively. A powder inlet boundary is given a constant flux as the supply of liquid slag to lubricate the shell. The boundary condition for the mold cooling depends on the convection heat transfer using water flow rate and stream temperature measured on the casting practice. The heat removal by the mold is calculated through the predicted solid and liquid films, which are not predefined but are results of infiltration and solidification. The interface between the steel and the mold domain is coupled in both velocity and heat flux, and moves with the mold oscillation.
Temperature-dependent steel and slag properties are used in this model. The thermal conductivity and specific heat of steel are specified as functions of carbon content, tem- perature, and phase fraction. 19) The viscosity and thermal conductivity of slag are modeled differently for melting and solidifying, which allows the liquid slag film to be differentiated from the resolidified film through the break temperature isotherm. This approach also produces the formation of a sintered layer on the top of the liquid pool and a slag rim attached to the mold wall. The thermal contact resistance between the solid slag and the mold is added as a linear function, while the interfacial tension between the molten steel and the mold flux is computed as a function of steel and slag compositions.
The solution allows a thick solidified shell and an initial liquid pool to develop for 60 s before shell withdrawal. Then, the shell is withdrawn according to the curve where the casting speed increases stepwise from cast-start to steady-state. The casting speed increases 0.3 m/min per 60 seconds since the starting speed is set to 0.3 m/min, as shown in Fig. 2 . Full details of the model development were introduced in previous article. 18) A typical model prediction of slag films and solid shell, together with the local computational mesh are shown in Fig. 3 for a casting speed of 1.2 m/min. High degree of mesh refinement was adopted to predict the phenomena in the the thin gap between the mold and shell. It can be seen that the solid slag film attachs to the mold which includes the slag rim above the meniscus, while the shell tip grows along the meniscus curve produced by the interfacial tension between steel and slag. The evolutions of meniscus and slag films for different casting speeds have been discussed in previous work and are shown here to highlight the role of such phenomena on the osicllation behaviors at the meniscus and finally on slag infiltration and oscillation mark formation.
Results and Discussion

Oscillation Behaviors
In this model, a sinusoidal oscillation mode is implemented according to the plant practice, where the oscillation frequency decreases proportionally with the casting speed while the amplitude increases, as given in Eqs. (6)- (8). It is well known that the negative strip time decreases with increases of casting speed, the oscillation pattern in this model is used to reduce the difference in the negative strip time during the process of increasing casting speed. Previous works suggested that the negative strip time was a critical stage for the growth of the initial shell due to the sudden changes in pressure, 9, 20, 21) heat flux, 11, 12) and slag consumption. 15, 17) Generally, all these variables are also interactive, so the combined effect would lead to uneven shell growth and defects. In order to clarify these phenomena including fluctuations in the pressure, heat flux, and slag flow, a series of investigations focusing on oscillating behaviors are carried out. First, the flux pressure near the meniscus for different casting speeds is examined when the mold descends with the maximum velocity (i.e., the middle of the negative strip time), as shown in Fig. 4 . The increasing pressure can be seen in the meniscus region, and the peak moves to the end point of the meniscus curve as the casting speed increases from 0.3 to 1.2 m/min. Previous work has confirmed that the internal pressure of the liquid slag is caused by the continuous flow in the flux channel during oscillation process of the mold.
22) The mold movement is sufficient to create a nonuniform pressure flow and the presence of the slag rim can greatly enhance this pressure flow (i.e. pumping effect) in the vicinity of the meniscus even though the slag rim does not interact with the initial shell tip directly. Therefore, the predicted magnitude of flux pressure is decided by the combined effect of mold velocity and liquid film thickness. On the other hand, the distribution of flux pressure largely depends on the meniscus profile. At the casting speed of 0.3 m/min, the flat meniscus creates a flux channel with low level, where the high pressure zone is broad. According to the previous results 18 ) and Matsushita's observations, 23 ) the meniscus profile tends to bulge up with the increasing casting speed, which generates the narrower high pressure zone. Meanwhile, the peak value of these pressures continues to increase due to the narrower flux gap.
Based on the predicted pressure distributions, the location at the bottom of meniscus is chosen for characterizing the fluctuations in pressure, heat flux, and liquid/solid slag films through oscillation cycles for casting speed of 1.2 m/min, as seen in Fig. 5 . Both mold velocity and displacement are displayed to characterise the mold oscillation. It can be seen that fluctuations in these variables almost start at the beginning of the negative strip time and peak at the beginning of the next positive strip time while the mold is approaching its lowest position. During the period of the negative strip time, the liquid slag is accelerated into the gap by the movement of mold and slag rim, which results in increasing flux pressure close to the bottom of the meniscus. This downward flow also increases the heat flux due to the local convective cooling as described by Lopez at al. 24) The sudden increase in pressure deforms the meniscus to form a depression on the steel surface, causing the liquid layer to be thicker at this point. Since the mold moves downwards to hotter regions, the solid slag film tends to remelt, which is associated with a rise in heat flux, resulting in the increase of liquid film thickness as well. On the contrary, the liquid slag close to the solid layer tends to freeze as the mold rises above the meniscus level. It is worthy to note that there is an inverse correlation between liquid and solid slag film thickness throughout the cycle, but their fluctuation amplitudes are inconsistent. That is, the thickness of liquid slag film is more fluctuant than solid slag film. Compared to the transient heat flux, the physical effect of mold and slag rim plays a larger role in the variation of liquid film thickness near the meniscus in each oscillation cycle.
Since the peak heat flux is identified at 35 mm below the meniscus in previous predictions, the transients for heat flux at the meniscus and 35 mm below the meniscus during oscillation cycles for different casting speeds were compared in Fig. 6 . The labels L0 and L35 refer to the heat flux located at the meniscus and 35 mm below the meniscus, respectively. It can be seen clearly that the heat flux curve looks inverse for the predictions at the two locations. This is due to the different relative positions of cooling potential. For instance, as the mold moves downwards to hot regions, the accompanying slag flow from liquid pool causes strong convection at the meniscus, increasing the local heat flux. The opposite occurs at 35 mm below the meniscus while the mold travels downwards, away from the heat source, leading to the decrease of heat flux. The convective cooling effect is weakened since the cold downward flow has been heated at the meniscus. As expected, the heat flux at the meniscus shows larger variations, which agrees well with predictions by Jonayat and Thomas, 17) where the amplitudes of heat flux further below the meniscus are smaller. It is noticeable from Fig. 6 that the maximum and minimum heat fluxes at the two positions always occur at the beginning of the positive strip time for all casting speeds. The heat fluxes at the meniscus fall and rise as the mold travels up and down, which is agreement with Badri's measurements 12) and Lopez's simulations. 24) However, these curves exhibit different amplitudes for the four casting speeds. In this case, a flexible oscillation strategy is adopted according to the casting speed. The heat flux amplitude increases with the decrease in oscillation frequency and the increase in oscillation amplitude, when the casting speed surpasses 0.6 m/min, as seen in Figs. 6(c), 6(d) and 6(e). The large fluctuations are also found at casting speed of 0.3 m/min (Fig. 6(b) ).This is due to the uneven slag film and unsteady meniscus at the initial stage of casting process. Thus, these results reasonably explain the heat transfer fluctuations throughout the whole continuous casting process.
Oscillation Mark Formation
Previous works focusing on oscillation marks have proposed several mechanisms to highlight the key factor in affecting the formation, such as physical forces 1, 9, 25) and thermal fluctuations. 12, 24) However, the results in this study indicate that both of the factors accompanying with mold oscillation and slag flow are necessary conditions for the formation of oscillation marks. A detailed description of this mechanism is presented as follows. Figure 7 presents the model predictions for meniscus region events, where four typical moments are chosen for the characterization of oscillation mark formation. At the beginning of the negative strip time (t 1 ), the mold has begun to accelerate downwards from its highest position.
The downward flow of liquid slag starts to develop a positive pressure after a short tide shift due to its inertia. Heat flux near the meniscus is at a low level in this period, as shown in Fig. 5(c) . As the mold reaches its highest downward speed (t 2 ), the slag flow at the meniscus is constantly enhanced, increasing the dynamic pressure in flux channel, as well as the heat flux arising from convective cooling. With the further descent of the mold (t 3 ), the downward moving rim squeezes the slag flow to be divided into two tributaries. First, the liquid slag on the outside of the slag rim is pushed from the meniscus region into the liquid pool, where the flux pressure is quickly released. Second, the liquid slag close to the solid film is fiercely squeezed into the narrow gap between the meniscus and the solid film, causing the extra pressure at the bottom of the meniscus curve. A dent from the impact of this pressure flow appears in the metal interface, and deepens as the mold approaches its lowest position. The accompanying convection of slag flow rapidly freezes the dent to form an initial oscillation mark and promotes the shell growth, resulting in increased heat flux. Then, the liquid slag changes the flow direction after another short tide shift when the mold moves upwards again (t 4 ). With the drag from the mold, the liquid slag close to the solid film returns toward the liquid pool. At the same time, the upward moving rim produces a suction region under its lower edge, pumping partial slag upwards, and the rest of slag far from the rim continues to move down along the meniscus. This suction effect is gradually weakened since the mold reduces the upward velocity after passing the zero displacement. Then, these variations are repeated for the next oscillation cycle.
Here is the fact that the couple changes in pressure and heat flux produce irregular shell solidification during the oscillation cycle. That is, the high pressure generated by slag flow in the latter half of t n deforms the pliable metal interface at the end of the meniscus curve adjacent to the tip. Meanwhile, the convective cooling effect freezes and shapes the dent before its recovery, and finally forms an initial oscillation mark moving with the withdrawal of the shell. Therefore, oscillation marks generate at the ending of the negative strip time or the beginning of the positive strip time, while both the pressure and the heat flux are nearly at the top.
The work by Lopez et al. 24) suggested that the closer distance between the metal and mold + rim would lead to abnormal cooling in the meniscus region, causing excessive growth of the shell tip. As discussed in previous article, the distance between steel interface and slag rim tends to increase as the slag rim melts and the meniscus level rises during increasing casting speed. Figure 8 presents the overflow phenomenon caused by the large slag rim and excessive tip growth at the initial casting process. The relative positions of meniscus and slag rim at different casting speeds are sketched in Fig. 8(a) . The large size of slag rim formed at low casting speeds creates a smaller distance from the meniscus, resulting in excessive meniscus freezing, where the shell tip will get thicker under the higher cooling potential. Meanwhile, the relatively flat meniscus generates a broader zone of high pressure when the rim moves towards the meniscus interface (Fig. 8(c) ). Generally, overflow occurs when the thicker shell tip separates from the interface, which is then immersed in the molten steel, accompanying a dent on the meniscus surface caused by the extrusion force from the slag flow ( Fig. 8(b) ). Then, the liquid steel rapidly covers the whole immersed tip to form a new meniscus profile, while the hook reheating in the metal stops growing and travels downwards at the casting speed. Therefore, this work provides explanations on the situation that overflow tends to increase in severity with the low casting speed and the large slag rim.
Slag Consumption
The liquid slag from the slag pool infiltrates into a channel periodically during mold oscillation. The slag flow controls not only the heat transfer and initial shell solidification in the meniscus region, but also the shell lubrication in the flux channel. Figure 9 shows velocity distributions of liquid slag at a location 35 mm below the meniscus during an oscillation cycle for casting speed of 1.2 m/min. Similarly, there are four typical moments for characterizing the slag flow in the shell/slag gap. Note that the change in the flow patterns of liquid slag is determined by the relative motion between the mold and the shell. The flow rates of liquid slag in close proximity to both sides approximate the instant oscillation velocity and casting speed, respectively. Here, the slag flow in the direction of casing speed is defined as positive consumption. Starting at the highest position of the mold, where the mold is about to move downwards, the liquid slag travels with the shell withdrawal to form a velocity gradient from the steel side to the mold side ( Fig. 9(a) ).
After that moment, the downward movements of mold and slag rim accelerate the liquid slag infiltration, which reaches the peak at the latter half of the negative strip time (Fig.  9(b) ). The mold velocity decreases at the end of the negative strip time, but there is still a large amount of slag infiltrating into the channel since the liquid film thickness has increased from 0.357 mm to 0.651 mm (Fig. 9(c) ). The downward flow gradually weakens as the mold travels upwards again. Then, a portion of liquid slag close to the mold side is carried upwards by the mold displacement as well, causing the negative consumption in the oscillation cycle ( Fig. 9(d) ). Slag consumption rate was calculated by integrating the measured velocity for the liquid slag film at 35 mm below the meniscus. (11) where Q s is the slag consumption rate, v s is the liquid slag velocity, ρ slag is the slag density, and x is the liquid slag film thickness.
The transient slag consumption corresponding to the oscillation velocity for different casting speeds is shown in Fig. 10 . Both the negative strip time and the positive slag consumption for casting speed of 1.2 m/min are marked in dark region. It is found that positive consumption occurs during the stage from the end of a positive strip time to the beginning of the next positive strip time, including all negative strip time in between. The negative strip time is the main period of liquid slag consumption, and the peak in infiltration is identified in the second half of the negative strip time. Although the average thickness of liquid slag film decreases at higher casting speeds, positive consumption in each oscillation cycle tends to increase due to the increasing flow rate according to the oscillation mode in current model. Generally, the negative strip time is regarded as one of the main casting parameters affecting slag consumption and oscillation mark formation. The results in this study also show that fluctuations in pressure and heat flux always occur from the beginning of the negative strip time to the start of the next positive strip time, including the whole negative strip time. On the other hand, the oscillation parameters in this simulation are varied proportionally with the casting speed according to the plant practice, which is beneficial to eliminate the difference in the negative strip time for different speeds. In this way, the variations in the negative strip time are maintained within 0.08 s when the casting speed increases from 0.3 m/min to 1.2 m/min. The typical oscillation parameters and the predicted oscillation mark depth and slag consumption for four casting speeds are listed in Table 2 . Oscillation mark is measured by placing a fixed point probe on slab profile at the position 35 mm below the meniscus. Slag consumption is quantified as mass per unit area of slab surface. It can be seen that although the negative strip time changes little, both oscillation mark depth and slag consumption decrease significantly with increasing casting speed, which is consistent with the plant practice. Predicted slag consumption in this work is slightly lower than those from other models, 6, 17, 26) since the consumption of solid film has not been considered. However, the current model predicts the successive evolution of the meniscus shape and slag films during the casting process from caststart to steady-state, which are related to the casting speed, intimately affecting the slag infiltration and the initial shell solidification. Moreover, both the slag consumption in the oscillation cycle and the overall consumption, including the variations of the slag film thickness, are analyzed in detail based on the model predictions, which shows reasonable agreement with plant measurements.
Conclusions
A transient model that couples fluid flow, heat transfer and solidification with mold oscillation in continuous casting mold was developed. The fluctuations in slag films, pressure and heat flux during the oscillation cycle are analyzed in detail for understanding the mechanisms of slag infiltration and initial shell solidification. The following conclusions can be drawn:
(1) The distribution of flux pressure largely depends on the meniscus shape. Slag rim can greatly enhance the nonuniform pressure flow in the vicinity of the meniscus caused by mold movement even though the slag rim does not interact with the initial shell tip directly.
(2) Compared to the transient heat flux, the physical effect of mold and slag rim plays a larger role in variations of liquid film thickness near the meniscus in each oscillation cycle.
(3) Peak heat flux occurs at the beginning of the positive strip time for all casting speeds since it rises at the beginning of the negative strip time. The amplitude of heat flux near the meniscus is higher than far below.
(4) When the mold travels downwards, the moving mold and rim squeezes the slag flow to be divided into two tributaries: pushing out from the meniscus region and squeezing into the gap to form a dent at the bottom of the meniscus curve. During the upstroke of each cycle, a suction region under the lower edge of the rim is formed with the drag from the mold and rim, which pumps partial slag up, and the rest far from the region continues to move down along the meniscus.
(5) Consumption is related to both flow rate and thickness of the liquid slag film. Positive consumption occurs during the period from the end of a positive strip time to the beginning of the next positive strip time, and the peak in infiltration is detected in the second half of the negative strip time. 
